Abstract 1
Forward osmosis (FO) is an emerging membrane separation technology that has the potential 2 to serve as a game changer in wastewater treatment. FO-based processes can simultaneously 3 produce high quality effluent and pre-concentrated wastewater for anaerobic treatment to 4 facilitate the recovery of energy and nutrients. Complex wastewaters can be directly pre-5 treated by FO and fresh water can be produced when coupled with a draw solute recovery 6 process (i.e. reverse osmosis or membrane distillation). By enriching organic carbon and 7 nutrients for subsequent biogas production, FO extends the resource recovery potential of 8 current wastewater treatment processes. Here, we critically review recent applications of FO 9 for simultaneous treatment and resource recovery from municipal wastewater. Research The recovery of water, energy, and nutrient resources from municipal wastewater presents a 2 promising solution to a number of prevalent economic, environmental, and social issues. 3
Wastewater reclamation can address both water scarcity and environmental pollution [1, 2] . 4
Utilisation of the biogas produced from the organic content of wastewater can offset the 5 energy requirement for treatment [3] . Nutrient recovery from wastewater also deserves 6 special attention due to the increasing stringency of effluent discharge regulations and 7 uncertainties associated with minable phosphorus supply for food security [4] [5] [6] . Increasing 8 awareness of the potential resource value of municipal wastewater has prompted significant 9 research efforts to synergise emerging wastewater treatment processes and resource recovery 10 techniques [3, 7, 8] . 11 Activated sludge treatment is an established biological process that focusses primarily on 12 purifying wastewater of organic matter, pathogens, and nutrients, but does not effectively 13 facilitate energy and nutrient recovery. Activated sludge treatment is energy intensive due to 14 the high electricity demand for aeration and also produces excessive amounts of sludge 15 residuals [9] . During activated sludge treatment, the carbon (i.e. chemical energy) and 16 nitrogen (i.e. nutrient) contents of wastewater are converted to biomass, carbon dioxide, and 17 nitrogen gas. In other words, much of the energy and nutrient contents of wastewater are 18 dissipated at the expense of significant energy input. As an alternative, anaerobic treatment 19 converts organic substances into methane rich biogas in the absence of oxygen and transforms 20 phosphorus to a more chemically available state for subsequent recovery [10] . Transitioning 21 from aerobic towards anaerobic based treatment processes has significant potential to lower 22 the energy consumption of wastewater operations (i.e. by avoiding aeration), as well as 23 achieve energy-neutral wastewater treatment (i.e. through biogas production) [11] [12] [13] [14] [15] [16] [17] . 24
The opportunity for wastewater treatment plants to provide a renewable source of useful heat 25 and electricity through biogas conversion is immense [18, 19] . In fact, the chemical energy 26 content in municipal wastewater exceeds the electricity requirement of operating an activated 27 sludge plant by at least nine times [20] . Despite this significant embedded energy content, 28
there are a number of major challenges that currently restrict the feasibility of directly 29 anaerobically digesting raw wastewater for energy recovery. The concentration of organic 30 matter in wastewater is typically low. Therefore, a sufficient organic loading rate cannot be 31 maintained in the anaerobic digester, resulting in a low biogas yield and inadequate removal 32 of organic pollutants from wastewater. In addition, since methane is slightly soluble in water 1 (22.7 mg/L), at a low biogas yield, much of the generated methane can be lost via effluent 2 discharge [10] . Several membrane filtration technologies have been integrated with anaerobic 3 treatment to overcome these challenges, aiming to improve the retention of biomass in the 4 reactor and to increase effluent quality. Anaerobic membrane bioreactors (An-MBRs) 5 utilising low pressure membranes such as microfiltration (MF) or ultrafiltration (UF) is a 6 notable approach. Nevertheless, the MF/UF membranes used in conventional An-MBRs 7 cannot retain dissolved organic carbon. Thus, they are not effective for energy recovery and 8 cannot produce a high effluent quality [10] . 9
Further development in An-MBR technology has resulted in the novel hybridisation of 10 anaerobic treatment with high retention membrane processes including nanofiltration (NF), 11 membrane distillation (MD), and forward osmosis (FO) [21] . Among these high retention 12 membrane processes, FO stands out as the most promising candidate for integration with 13 anaerobic treatment due to a combination of high separation efficiency and high fouling 14 reversibility [22] [23] [24] [25] . The integration of FO with anaerobic treatment has been widely 15 reported in the literature [26] [27] [28] [29] [30] . FO is a unique membrane process that utilises the physical 16 phenomenon of osmosis to transport water across a semipermeable membrane. As a major 17 advantage, the FO process itself can operate with minimal external energy input [31] . 18
However, further treatment of the draw solution is required to extract fresh water and can be 19 achieved using pressure driven or thermally driven membrane processes [ Integrating FO with anaerobic treatment is essential for energy and nutrient recovery. The 31 viability of the anaerobic osmotic membrane bioreactor (An-OMBR) has been demonstrated 32 where the FO membrane is submerged inside the anaerobic bioreactor [26, 28, 29 ]. An 1 alternative approach uses FO to firstly pre-concentrate raw wastewater to a high strength for 2 subsequent anaerobic treatment. The concept of wastewater pre-concentration is yet to be 3 fully explored, but it holds significant opportunities for resource recovery applications. 4
Preliminary investigations into FO draw solution selection [27, 37] and process efficiency 5 [38-40] have been conducted. However, issues of salinity accumulation, membrane fouling, 6 and anaerobic treatment integration have not been adequately addressed. 7
Here, we critically review recent applications of FO for recovering energy and nutrients from 8 municipal wastewater by integrating with existing resource recovery techniques (i.e., 9 anaerobic digestion and phosphorus precipitation) and other complementary processes (e.g., 10 membrane distillation (MD) and reverse osmosis (RO)) for clean water extraction. The 11 challenges and potential opportunities associated with FO-based treatment processes are 12 evaluated in terms of treatment efficiency and resource recovery potential. The outlook of an 13 integrated FO membrane-based system for simultaneous wastewater treatment and resource 14 recovery is discussed. A research roadmap for further development of FO for resource 15 recovery from wastewater is also provided and discussed. 16
FO for wastewater treatment 17
Interest in applying FO for wastewater treatment has grown significantly in recent years [32, 18 33, 35, 41-43] . These potential applications are motivated by several advantages of FO over 19 current wastewater treatment technologies. Given its high fouling reversibility, FO can be 20 directly applied to a complex solution without extensive pre-treatment [44] . A high rejection 21 of dissolved contaminants is another important advantage of FO for wastewater treatment. 22
When FO is combined with a draw solute recovery process, clean water can be produced 23 from the draw solution, furthering water reuse opportunities. These unique features of FO 24 have spurred the development of several system configurations for wastewater treatment and 25 water reclamation. 26
FO system configurations for wastewater treatment 27
Three major system configurations have been developed for FO wastewater treatment 28 applications and vary depending on the type of solution in contact with the FO membrane 29 ( Figure 1 ). Firstly, the most widely recognised approach is the aerobic osmotic membrane 30 bioreactor (Ae-OMBR) [45-51] ( Figure 1A ) whereby wastewater is fed into an activated 31 sludge reactor. Secondly, several research groups have explored the potential of An-OMBRs 1 [26, 28, 29] ( Figure 1B) for wastewater treatment and the production of biogas. Both OMBR 2 configurations typically utilise a submerged FO module, as the high solids content of the 3 mixed liquor and digested sludge can cause blockages in other arrangements. The third 4 configuration ( Figure 1C ) adopts a similar concept to the An-OMBR ( Figure 1B ). However, 5 in this configuration, wastewater is firstly pre-concentrated by the FO membrane prior to 6 anaerobic digestion [27, 39, 52] . A key benefit of this configuration is that the FO membrane 7 is in contact with concentrated wastewater, which has lower fouling propensity compared 8 with the mixed liquor inside an An-OMBR. Similar to conventional MBRs, the submerged 9 configuration appears most suited for wastewater pre-concentration, to reduce the costs 10 associated with circulating the feed solution through an external membrane module [53] . The level of treatment provided by each FO system can differ considerably, and can be 5 attributed to the type of applied biological treatment, process conditions, and membrane 6 properties ( Table 1 ). The treatment performance of an FO system is generally indicated by the 7 efficiency to remove organic matter, nitrogen, phosphorus, and trace organic contaminants 8 (TrOCs). 9 Table 1 : Summary of FO wastewater treatment performance in terms of the removal efficiency of organic matter (i.e. total organic carbon (TOC) and chemical oxygen demand (COD)), phosphorus (i.e. total phosphorus (TP)), and nitrogen (i.e. NH 4 + -N and total nitrogen (TN)). 
FO system configuration

FO membrane-based hybrid systems for water recovery 3
Additional separation processes must be integrated with FO to recover fresh water and re-4 concentrate the draw solution. Key considerations for the draw solute recovery process 5 include the ability to reject the draw solutes, draw solution compatibility with the subsequent 6 biological treatment process, and energy requirements of the overall hybrid system. Hybrid accumulation in the draw solution has also been demonstrated. The permeability of the RO 20 membrane in an OMBR-RO system was shown to gradually decline, suggesting that some 21 small organic molecules can accumulate and act as foulants on the RO membrane [48] . The 22 risk of fouling is also applicable to other draw solute recovery processes after long-term 23 operation, unless mitigation strategies are adopted. 24
To safegard the production of high quality product water and to reduce the risk of membrane 25 fouling in FO membrane-based hybrid systems, additional treatment processes can be 26 integrated to mitigate contaminant accumulation in the draw solution. The type of treatment 27 process generally depends on the contaminant of concern. In wastewater applications, 28 granular activated carbon (GAC) adsorption and ultraviolet (UV) oxidation have both proved 29 to be effective processes, targeting the mitigation of organic matter and TrOCs [71] . On the 30 other hand, ion exchange has been applied for the removal of accumulated boron in the draw 31 solution of a seawater desalination process [74] . For wastewater specific applications, further 1 research is required to address a number of practical considerations when mitigating 2 contaminant accumulation in the draw solution. It is noted that draw solution selection can 3 greatly impact the applicability of the applied mitigation strategy. For example, GAC and UV 4 are not compatible when organic-based draw solutions are adopted as the draw solute can 5 interfere with the adsorption process or be degraded by UV radiation, respectively [38, 75] . pre-treatment is required (i.e. activated sludge treatment and MF) prior to RO for potable 26 water production. In other words, the costs associated with these conventional wastewater 27 treatment processes could be replaced by the FO process. 28
The most promising avenue for FO membrane-based hybrid treatment systems to provide low 29 energy treatment of wastewater arguably involves applications whereby low-cost heat can be 30 utilised for draw solute recovery. MD is a thermally driven membrane process that has 31 significant potential, since alternative low-cost or waste thermal energy can be applied to 1 power the draw solute recovery process. It is noteworthy that in all thermally driven 2 processes, the energy efficiency is inversely proportional to temperature (thermal quality) 3
[78]. Thus, the abundance of cheap or free low-grade heat is an important factor. In areas of 4 high solar radiation, solar thermal can be used as the primary energy source. Alternatively, 5 low-grade waste heat could be captured from nearby industrial processes. Lastly, the heat co-6 generated from the production of biogas from wastewater organic matter presents a practical 7 approach to supply such thermally driven separation processes. Another potential opportunity to improve the energy favourability of FO systems involves the 18 case where the diluted draw solution has a direct use, therefore no draw solute recovery 19 process is required. For example, the use of fertilizers as a draw solution to extract clean 20 water for irrigation from compromised sources has been recently demonstrated. The product 21 is a diluted fertiliser solution that can potentially be directly applied for fertigation purposes 22 [30, 81, 82] . In other words, water is recovered in a directly usable form. There is a similar 23 argument for the use of seawater RO brine as the draw solution. Researchers have proposed 24 that diluting the brine by treating wastewater with FO, and subsequently extracting water by 25 seawater RO desalination can provide a sustainable approach to dual issues (i.e. wastewater 26 management and fresh water availability) [83] . In some cases, it has been reported that the 27 required energy for the combined osmotic dilution and water recovery by RO is more than a 28 single RO process [35] . The suitability of osmotic dilution is highly dependent on local 29 factors, however the low energy consumption of osmotic dilution is a major advantage. processes to improve the recovery of energy and nutrients from various wastewaters (Table  14 2). Some of these FO-based processes are able to recover resources whilst simultaneously 15 providing wastewater treatment when coupled with a draw solute recovery process. Despite 16 these promising demonstrations of simultaneous wastewater treatment and resource recovery 17 by FO-based processes, a number of key technical challenges require further development. 18
Further research is needed to optimise the integration of FO with anaerobic processes for 19 biogas production, to overcome issues of salinity accumulation and membrane fouling. Also, 20 it is necessary to focus efforts to develop nutrient recovery using FO to address the key issues 21 of product purity and membrane fouling/scaling during long-term operation. 22 
Integrating FO with anaerobic treatment for biogas production 1
Integrating the FO process with anaerobic treatment is a promising avenue to produce biogas 2 and recover nutrients from wastewater. Demonstrations of FO-based biogas producing 3 systems have focused almost exclusively on An-OMBRs, where the FO membrane is 4 submerged within the anaerobic bioreactor (Table 2) hence, lowering the process footprint [92]. Lastly, potable water production is enabled by 12 adopting an appropriate draw solute recovery process for the draw solution. 13
An alternative approach that could essentially achieve the same objective of An-OMBRs 14 involves directly processing primarily treated wastewater by FO and then feeding the 15 concentrate to an anaerobic treatment system. As a key advantage of this configuration 16 ( Figure 1C The primary purpose of considering anaerobic treatment for wastewater treatment is to 29 recover the chemical energy contained in wastewater through biogas conversion. In the 30 proposed FO-based process (Figure 3) , biogas produced from the anaerobic treatment process 31 has significant potential to supply the energy requirements of the system. In this case, MD 32 presents a favourable opportunity for draw solute regeneration, as the driving force of MD is 1 temperature. A combined heat and power engine can convert biogas into heat for the MD 2 system. Furthermore, electricity can be utilised onsite or fed back into the grid. According to 3 an energy audit of the Prague wastewater treatment plant, under an optimal condition, 70-4 80% energy self-sufficiency could be achieved by fully utilising the embedded chemical 5 energy in wastewater for biogas production [95]. Thus, energy self-sufficiency is possible 6 with further improvement in engineering efficiency. Lastly, anaerobic treatment partially 7 mineralises organic nitrogen and phosphorus to their soluble forms (i.e. ammonium and 8 phosphate). This action increases the chemical availability of nutrients for subsequent 9 recovery. Despite these benefits, the major technical challenges that limit the feasibility of 
Salinity accumulation 16
Salinity accumulation is a prevalent issue for the integration of high retention membrane 17 processes with biological treatment [21] . For FO, this issue is further exacerbated by the 18 reverse diffusion of solutes from the draw to the feed solution (i.e. reverse draw solute flux). 19
The accumulation of salt in the feed solution inevitably increases its osmotic pressure and can 20 negatively impact water flux. More importantly, salinity accumulation is a major hindrance 21 when integrating FO with anaerobic treatment since methanogenic activity can be inhibited at 22 high inorganic salt concentrations, leading to severely reduced biogas production rates [96] . It 23 is noteworthy to mention that methane solubility decreases as salinity increases [97]. This is 1 beneficial in terms of reducing methane loss via permeate. The extent of salinity 2 accumulation and the impact on water flux and anaerobic treatment is strongly affected by the 3 selected draw solution and the FO operating conditions (i.e. concentration factor). The 4 relative contribution of each salinity accumulation mechanism can be predicted based on the 5 operating conditions and draw solute properties [86, 98] . For this application whereby 6 organic loading rates should be increased, the FO concentration factor must be maximised. 7
Yet, the concentration factor is proportional to the rate of salinity build-up and therefore a 8 trade-off exists between the effects of salinity accumulation and process efficiency. Thus, a 9 variety of strategies have been proposed to alleviate salinity accumulation in FO-based 10 systems. 11
The draw solution significantly influences both the rate of reverse draw solute flux and the 12 type of solutes that accumulate in the feed solution [84, 99] . Feasibility studies have shown 13 that the use of sodium chloride as the draw solution in An-OMBRs inevitably leads to severe 14 salinity accumulation that detrimentally affects water flux and system efficiency [26, 28] . 15 Furthermore, the accumulation of both sodium chloride and sodium sulphate draw solutes 16 significantly impacted growth of methanogens in An-OMBRs [29] . One approach to mitigate 17 this problem is to utilise alternative draw solutes ( Figure 4A FO-based anaerobic systems. The presence of halotolerant organisms would allow the FO 10 system to operate at a higher concentration factor. Furthermore, when draw solutions with a 11 low reverse solute flux are applied, the negative impacts associated with salinity 12 accumulation on biogas production would be circumvented. Overall, a greater focus is 13 required to assess and advance the practicality of FO-based systems that integrate anaerobic 14 treatment for biogas production. A combination of the previously mentioned strategies in a 15 pilot-scale system would significantly contribute to assessing their long-term effectiveness, 16
and is imperative to improving our understanding of FO-based anaerobic systems. 17
Membrane fouling 18
Although FO membrane fouling is readily reversible, fouling remains a pertinent issue for 19
FO-based processes applied to complex solutions such as wastewater and mixed liquor [44, 20 73, 105] . During the filtration process, the accumulation of foulants on the membrane surface 21 forms a cake layer and hinders the efficiency of the process by two prominent mechanisms. 22
The cake layer builds hydraulic resistance and also creates the cake-enhanced concentration 23 polarisation effect that lowers the osmotic driving force. Both these mechanisms adversely 24 impact membrane performance, by decreasing water flux and membrane life-span [35, 44] . 25
Various approaches have been demonstrated to manage membrane fouling. These include 26 physical and chemical cleaning methods, as well as modification of membranes to be fouling 27
resistant. 28
A key benefit of the FO process when applied for wastewater pre-concentration is the highly 29 reversible nature of membrane fouling compared to other pressure driven membrane 30 processes. Therefore, membrane fouling control can often be accomplished by hydraulic 31 means, whereby hydrodynamic shear forces are introduced to prevent the accumulation of 1 foulants near the membrane surface [106, 107]. This method is not possible when using 2 pressure driven membrane processes for direct wastewater treatment since fouling cannot be 3 removed without chemical cleaning. Hydrodynamic strategies including periodic rinsing at 4 high cross flow velocities, inclusion of spacers, and air sparging via biogas recycling, which 5 have proved effective in wastewater treatment applications [26, 106, 108]. Despite these 6 results, the intensity of the fouling control strategy inevitably leads to heightened energy 7 consumption. Therefore, a significant focus should be placed on evaluating and optimising 8 the energy consumption of proposed fouling mitigation strategies. It is also necessary to 9 develop a membrane cleaning protocol specific for intense wastewater pre-concentration 10 applications by FO membranes. 11
Issues arising from the anaerobic treatment of FO pre-concentrated wastewater 12
In addition to the key challenges of salinity accumulation and membrane fouling, a range of 13 other issues may arise as a result of the anaerobic treatment of FO pre-concentrated 14 wastewater. Inorganic salt inhibition and ammonia toxicity may plague the efficiency of the 15 anaerobic treatment process, regardless of mitigation strategies. In this case, the co-digestion 16 of readily available organic substrates (i.e. food waste or industrial by-products) could 17 significantly improve the digester efficiency [109, 110] . Furthermore, phosphorus may 18 precipitate in the anaerobic reactor due to the enriched content of phosphorus, calcium, and 19 magnesium in the pre-concentrated wastewater [26] . This may lead to complications for 20 phosphorus recovery, as the availability of phosphorus in the liquid phase would be limited. 21
However, this scenario could be easily avoided by acidifying the pre-concentrate. The 22 conventional MF An-MBR is an ideal candidate for biogas production from the pre-23 concentrated wastewater. In addition, the ammonia and phosphorus rich supernatant (i.e. 24 anaerobic digestion effluent) can be withdrawn via the MF membrane for subsequent 25 recovery. 26 Therefore, there is a significant gap in current knowledge regarding the anaerobic treatment 29 of FO pre-concentrated wastewater. 30
Nutrient recovery 1
The rejection of nutrients by FO membranes results in high quality product water, and can 2 also facilitate the removal and recovery of nutrients from wastewater. Phosphorus in 3 particular has significant environmental value and consistently presents a high rejection by 4 FO membranes from a range of different feed solutions and operation conditions ( Table 1) have been applied including Ae-OMBR and direct FO filtration. Overall, FO is utilised to 10 firstly concentrate nutrients, and then conventional nutrient recovery techniques are applied 11 to chemically precipitate either struvite, or calcium phosphates (Table 2) . 12
FO has several features that are ideal for nutrient recovery from wastewater. Firstly, FO 13 membranes can effectively retain phosphorus, thus enriching its concentration and providing 14 favourable conditions for phosphorus recovery. As an example, struvite recovery requires the 15 addition of magnesium salt and ammonium to exceed the stoichiometric ratio for struvite 16 precipitation. Thus, the phosphorus rich solution provided by the FO process improves 17 precipitation kinetics and lowers the chemical demand (i.e. magnesium salts and caustic). Also, direct pre-concentration processes applied to anaerobic digestion effluent has presented 30 promising results as this system could be easily integrated with current wastewater treatment 31 infrastructure [90, 91] . In terms of nutrient recovery efficiency, the direct pre-concentration 32 of anaerobic effluent (i.e. digested sludge centrate) is possibly the most viable approach as 1 there is minimal loss of nutrients caused by biomass uptake, as is the case in Ae-OMBRs. In 2 aerobic processes, nutrients are consumed or converted by activated sludge, therefore, a 3 lower theoretical amount of phosphorus is available for recovery. Conversely, anaerobic 4 treatment biologically releases nutrients, transforming them into more chemically available 5 forms for precipitation ( Figure 5B In addition to membrane scaling, the presence of calcium and phosphate in the FO feed 1 solution can lead to cake layer formation [115] . Nevertheless, membrane flushing has been 2 reported to be an effective strategy to remove cake formation [90, 91] . 3
One key advantage for nutrient recovery is the potential profit obtained from the sale of the 4 bio-fertilizers produced. Nevertheless, a market for fertilisers sourced from wastewater is 5 currently not well-defined. The product value largely depends on the purity of the obtained 6 product. At this stage, product purity has not been a significant area of research for the 7 previously mentioned FO-based nutrient recovery systems. For example, for calcium 8 phosphate recovery, the competition of calcium and magnesium for phosphate and the 9 presence of organic matters can drastically degrade product quality [88, 91] . There is 10 significant potential for FO-based processes to be further integrated with established resource 11 recovery techniques. These may include the introduction of seed crystallisation and resource recovery process is proposed and compared with current wastewater treatment 16 practices ( Figure 6 ). Current wastewater treatment ( Figure 6A ) is highly energy intensive, 17 with aeration and pressurised membrane systems being significant energy consumers. The 18 process also focusses strictly on water reclamation and does not effectively integrate energy 19 and nutrient recovery practices. Although sludge is often anaerobically treated, a large 20 portion of the chemical energy in wastewater is dissipated by the initial aerobic biological 21 process [18] . 22
Unlike current wastewater treatment practice, the proposed FO-based process ( Figure 6B ) 23 focuses on the separation of water and non-water components to enable more efficient 24 resource recovery. In this process, primarily treated effluent is firstly filtered by the FO 25 process coupled with MD to produce high quality effluent for reuse. Organic ionic draw 26 solutes are employed to minimise reverse draw solute flux, and to lower the risk of methane 27 inhibition during anaerobic digestion. The FO pre-concentrate is fed to an anaerobic digester 28 to produce biogas. A combined heat and power system converts biogas to useful heat for 29 operating MD, and electricity for treatment operations. Furthermore, nutrient rich anaerobic 30 effluent is processed by an FO-MD system to further harvest valuable nutrients for 31 subsequent recovery. Struvite recovery can be achieved using MgCl as the draw solution 1
[90], whilst calcium phosphate can be recovered using seawater [90]. This MD system would 2 also produce high quality effluent for reuse, which is a significant benefit, as anaerobic 3 effluent is commonly returned to the headworks in conventional treatment plants. For these 4 reasons, FO can potentially serve as a game changer in municipal wastewater treatment. be realised sooner as the process can be integrated with current wastewater treatment 20 infrastructure (i.e. treating anaerobically digested sludge centrate). Furthermore, nutrient 21 recovery presents a practical business case for struvite blockage prevention, phosphorus 22 effluent discharge compliance, and fertilizer production potential [118] . In fact, struvite 23 recovery has been demonstrated at several full-scale wastewater treatment plants in North 24
America [119] . We envisage that FO can greatly improve the process efficiency and therefore 25 break-down some of the economic barriers that prevent nutrient recovery being an established 26 practice [120] . 27
Resource recovery from municipal wastewater presents a promising outlook for a number of 28 contemporary environmental challenges. However, several economic barriers exist and 29 restrict the acceptance and implementation of such practices. The environmental value of 30 water, energy, and nutrient resources cannot be readily captured by current economic 31 analysis. This is illustrated by the availability of low cost electricity, natural gas, and 1 mineable phosphorus that strongly resist investment appeal. Furthermore, the lack of a well-2 defined market for saleable bio-fertilizers remains may influence the acceptance of nutrient 3 recovery technologies. Nonetheless, resource recovery from wastewater represents a 4 renewable source of water, energy, and nutrients. Particularly when considering how 5 population growth and urbanisation will continue to stress non-renewable resource reserves 6 in the future. The introduction of government incentives may provide a profound milestone in 7 implementing resource recovery practices. Further investigations into the economic 8 feasibility of technologies that enable resource recovery from wastewater should be a high 9 priority. 10
Conclusion 11
The FO process is a favourable avenue to advance a membrane-based platform to achieve 12 simultaneous wastewater treatment and resource recovery. FO membranes can be applied to a 13 complex and high fouling solution and retain a wide range of contaminants. 
